Experimental designs which prescribe either too few or too many animals per assay are wasteful, and it is important that experimenters in planning bio-assays use the number of animals coDsistent with the statistical precision actually desired in the results. The general philosophical treatment of experimental design, as noted by Fisher (1949) , places controls on treatments, treatment combinations, randomization, and replication. Wilson and Miles (1955) , in their application of statistics to bacteriology, accept these principles, as do numerous other writers. Experimental designs in the field of bio-assay, as treated by Finney (1952a, b) , Bliss (1952) , and Perry (1950) , are somewhat specialized due to the use of two or more dose levels and of a standard preparation. A satisfactory experimental design for bio-assays estimates a mean effect, a slope, the degree of slope linearity, and some measure of error. To meet this bio-assay requirement at least 3 doses of "standard" and 3 doses of "unknown" culture must be used, as well as a number of animals for each separate dose. Therefore, treatment arrangements including dose, randomization, and total number of animals used are all essential parts of the bio-assay.
The results of a bio-assay express the "unknown" in terms of the "standard" by a ratio (called potency ratio) of dosages that manifest equal response from the host. The reliability of this ratio depends upon the length of its confidence interval (Fieller, 1940) , a statistic the size of which is dependent upon assay variance, and the total number of animals per assay. The length of the confidence interval of the estimated parameter, therefore, is an objective criterion of the success of the bio-assay, and usually is proportional to the parameter value itself. The number of animals required in a bio-assay to obtain the desired or essential precision must be determined if efficient experimentation is to be conducted.
In a collaborative paper evaluating uniformity of response in different strains of animals to pathogenic organisms, we (Lincoln and DeArmon, 1959) determined the number of animals of each strain required to obtain a selected bio-assay precision. This paper derives simple equations useful in estimating the approximate animal requirements for bio-assays generally used in the study of organism pathogenicity. The animal requirements depend primarily upon the desired confidence interval the experimenter wishes to place on a LD50, or the potency ratio as determined either by the quantal or graded response assays. The equations are derived independent of number of doses used and will estimate the approximate total animal requirements per assay; therefore, this number should be proportioned equally among the doses used.
ESTIMATION OF ANIMAL REQUIREMENTS IN BIO-ASSAY
For determining LD50 from the quantal response. According to Finney (1952a) the log 1o LD50, m, is defined as:
with an approximate variance defined as: Finney (1952a) , the logio potency ratio (PR), M, is the difference between m1 and m2 where m was defined in equation (1); therefore, (5) where xt and x8 refers to mean weighted log1o dose respectively of the unknown and standard, the yu and y, refers to respective mean weighted responses and B, is the common slope of the doseresponse curves.
From equation (3) it can be shown that the approximate length of the confidence interval of l1I can be expressed as L, where
where E n, or N, and Enu or N,, are the total animals used with standard and unknown respectively.
Assuming Nu equals N, equals N, then the approximate number of animals to be used with each "unknown" or "standard" can be expressed as:
where L is the length of the 95 per cent confidence interval of M and z is taken as the normal deviate equal to 1.96. It can be noted that in equation (7) N is just twice that of the N as determined by equation (4).
For equation (7), N is a function of the slope of the dose-response curve, B1, and the length of the confidence interval, L. When the slope is known, the confidence interval of the PR is dependent on the number of animals used for each LD50 value of the unknown and of the standard; therefore the animal requirements can be estimated for any desired confidence interval. A summary of animal requirements is given in table 2 for slopes of 1.0, 1.5, and 2.0, and for various lengths of the confidence interval of the PR. The accuracy of the approximation of animal requirement as given by equation (7) depends on how well the following assumptions are met: (a) that a homogeneous assay can be conducted; (b) that both unknown and standard have parallel dose-response slopes; (c) that a common slope can be approximately estimated before the assay is conducted; and (d) that responses of animals will be reasonably symmetrical about their respective LD5o's. For estimating potency ratio of unknown and standard by the graded response. In the past, the graded response has been adapted to various assay uses with infectious microorganisms (Ipsen (1944) , Pike and Mackenzie (1940) , Gard (1940) , and Brownlee and Hamre (1951) ) and recently there appears to be a renewed interest in the method (Roth et al. (1956 ), Fernelius et al. (1958 , and L'Heritier (1958)). The assay envisaged here is a bio-assay contrasting an "unknown" material to a "standard" by use of a graded response variable.
The graded response assay method relies on the classical regression theory and in deriving an equation to estimate the number of animals required in the assay, the estimate of the log1o PR or M as given by Finney (1952b) where x8 and T. are, respectively, the mean log1o doses of standard and unknown and P. and yu are the corresponding respective responses, b is the pooled linear slope of the dose-response curve, and s is the pooled standard deviation per response unit. N. and N, are the respective number of animals used with "standard" and "unknown."
The third term in the variance estimate as given by Finney (1952b) is without practical value and was omitted above; therefore, the confidence interval of M can be written as:
Ng Nu/ (10) where t is the "t" statistics and varies with respect to the degrees of freedom and the given probability entering with the estimates of s.
If L is the total length of the confidence interval, then
In performing an assay, the number of animals assigned to the standard material is usually the same as that assigned to the unknown material; therefore, assume NB equals N.. Also, after the terminology of Finney (1952b) , the ratio of s/b can be replaced by X, and since t = 2.0 for a 95 per cent confidence interval, providing the total animals in both assays exceeds 30, equation (11) can be written as: 8X2t2 32X2 L2 or N= L2 (12) N is therefore defined as the approximate number of animals to be used with each "standard" and "unknown" to obtain a 95 per cent confidence interval of length L.
The only assumption involved in the accuracy of determining N is that X is approximately known; therefore, the standard deviation per (Perry (1950) limits; CI = confidence spores) needed 646 times more spores in mice to produce the same effect as the Vollum strain (LD50 of 24 spores). The 95 per cent confidence interval of 260 to 1950 was 1290 which is equivalent to 2.00 times the PR; therefore, the length of the confidence interval (L) in log units is 0.77.3 By using equation (7), the approximate number of animals necessary to obtain the observed confidence interval when the combined slope of the dose-response curves was 1.01 is computed to be 128 which is a close approximation to the number actually used in the test.
Both examples show by inference that when an approximate slope estimate is available and a certain confidence interval of the LD50 or potency ratio of two LDMm's is desired, then the approxi-3L = 2 log + A!(2.04) + 1 _0 0 77 )4 mate number of animals necessary to gain this confidence interval can be estimated by use of equation (4) or equation (7).
To illustrate the use of equation (12) for estimating animal requirements in a graded bio-assay, data extracted from table 7 of Roth et al. (1956) for a (2 + 2) bio-assay are shown in table 6 of this report. For this example, the PR between the strains of B. anthracis was estimated to be 143 with a 95 per cent confidence extend the usefulness of statistical planning by estimating the approximate animal requirements for any given design. The criterion used for estimating the animal requirements has been taken as the confidence interval of the estimated parameter. Emphasis has been placed on designs in which bio-assay of infectious material is contemplated.
In a quantal response assay, once the desired confidence interval of the estimated LD50 or potency ratio is set, the animal requirement is dependent upon the slope of the dose-response curve. Equations have been derived that permit reasonable approximations of animal requirements when three assumptions are met that (a) a homogeneous assay can be conducted, (b) the approximate slope of the dose-response assay is known, and (c) response of animals will be approximately symmetrical about the LD50.
In the graded response assay, once the confidence interval of the potency ratio has been set, the animal requirement is dependent upon X, the ratio of the per animal standard deviation to the slope of the dose-response curve. An equation has been derived that permits reasonable approximations of animal requirements provided an approximate value of X is known.
